We apply a simple objective measure of an airshed's degree of ventilation and determine the impact on PM 2.5 observations at Lucas Heights, Sydney, Australia. We extend the analysis of previous studies, which considered total PM 2.5 , by: using positive matrix factorisation to split the aerosol mass by source type; and using Radon-222 measurements as an independent indicator of ventilation and mixing. For this coastal airshed we found that for 64% of the time, conditions could be classified into four categories: local recirculation (LRC; 15%), stagnation (19.5%), regional recirculation (RRC; 10.9%), or ventilation (18.6%). Mean PM 2.5 concentrations under recirculation (in this study separated into; LRC and RRC) were 33% higher than under stagnation and can be double that of concentrations under ventilation. Since the combination of LRC and RRC events account for around 26% of all events, recirculation effects on PM 2.5 concentrations are significant. However, we found that airshed ventilation doesn't affect PM 2.5 concentrations from all sources evenly. Considering the three main sources of total PM 2.5 at this site (vehicle exhaust 26.3%, secondary sulfate 23.7% and aged industrial sulfur 20.6%), conditions leading to the highest concentrations differ. The highest vehicle exhaust concentrations occur under LRC, the highest aged-industrial-sulphur concentrations occur under RRC, and secondary sulfur had similarly high concentrations under LRC and RRC. Under LRC the concentration from vehicle exhaust can be up to a factor of 3.9 greater than under ventilation. On a seasonal basis, RRC flow is most likely to occur in summer and spring (the warmer months of the year when sea breezes are more likely), whereas LRC conditions are more likely to occur in autumn and winter. These findings support those of previous studies, indicating that re-circulation can have a significant effect on PM 2.5 concentrations in coastal airsheds, and the degree of impact can vary by source type.
INTRODUCTION
With population growth and industrialisation, many cities worldwide are experiencing increasing atmospheric particulate matter levels (PM; Liang et al., 2016) . Aside from affecting the Earth's radiative balance (e.g., Charlson et al., 1992; Huebert et al., 2003; Jiang et al., 2013) , PM contributes to adverse health effects, both directly and indirectly (e.g., Dockery et al., 1993; Moloi et al., 2002; Russell and Brunekreef, 2009; Lee et al., 2016) . As a result, regulatory guidelines are often set to reduce releases of primary anthropogenic pollutants (e.g., USEPA, 2007; NSW, 2011; VES, 2012) . In order to determine which sources should be targeted, fingerprint analysis techniques, such as Principle Component Analysis (PCA; Jollife, 1986) , Positive Matrix Factorisation (PMF; Paatero and Tapper, 1994) or from neighbouring urban areas and, for coastal sites, can be particularly influenced by land-sea breeze recirculation (Surkova, 2013; Russo et al., 2016) . Coastal recirculation has been shown to have an impact on air pollution in many parts of the world (Levy et al., 2009; and references therein) . Robinsohn et al. (1992) described a specific event where about 50% of the measured SO 2 concentration in the southern coastal plain of Israel was thought to have resulted from recirculation. This can particularly occur when low level inversions occur during the night, causing land breezes, and then a shift to sea breeze occurs in the late morning. Further, the timing of meso-scale circulations such as sea breezes can have a large impact on concentrations due to changes in exposure time of precursors to sunlight/UV. For example, Oh et al. (2006) observed higher O 3 concentrations from late sea breezes (i.e., with an onset time later that 1200 local time) than from early sea breezes. The Sydney Basin is bounded by a mountain range to the west, smaller hills to the north and south, and open ocean to the east and recirculation is known to occur (Barros, 2001) . Jiang et al. (2016) found that, due to Sydney's subtropical coastal-basin environment, variations in air quality conditions within the airshed mainly resulted from interactions between meso-and synoptic-scale features. It therefore offers a good opportunity to study the influence of recirculation and ventilation effects on pollution dispersal in a confined coastal airshed by source type. Allwine and Whiteman (1994) developed a simple technique for classifying these kinds of atmospheric motion based on horizontal wind speed and direction. They identified three main types of flow conditions: (a) stagnation, where wind speeds are very low or calm allowing pollutants to build up locally; (b) recirculation, where polluted air is initially carried away from the source but later returns resulting in higher subsequent pollution concentrations; and (c) ventilation, a situation where polluted air is strongly diluted or replaced by fresh air. This technique has been used in a number of studies to assess the dispersal capabilities of the atmosphere around coastal cities and industrial areas (e.g., Levy et al., 2009; Mohan and Bhati, 2012; Surkova 2013; Al-Khadouri et al., 2015; Russo et al., 2016) , as well as nuclear power sites in Korea (Kim et al., 2007) and India (Nankar et al., 2009; Kumar et al., 2013) . The Allwine and Whiteman (1994) approach is an objective quantitative measure which provides a straightforward method to assess the dispersal capabilities of the airshed; furthermore, the data needs are small compared to numerical modelling (Russo et al., 2016) .
The general influence of local meteorology (wind speed, wind direction, temperature etc.) on source apportioned PM 2.5 at Lucas Heights, Australia, was described in a previous study (Crawford et al., 2016c) to indicate the possible pollution increases in the Sydney area that may arise from future climate change. However, more detailed knowledge of the dispersive capabilities of an airshed can be important in pinpointing the conditions under which any changes of the source strengths (e.g., as from additional sources, or the application of mitigation strategies) will have the most impact. Mohan and Bhati (2012) found that NO 2 and SO 2 concentrations were better correlated with stagnation/ recirculation episodes than PM 10 . This was attributed to the fact that PM 10 is a combination of primary and secondary aerosols (with reaction rates of varying time scales) and the residence time can range from a few hours (due to the larger size fraction) to a few days.
The aim of this study is to examine the influence of stagnation, recirculation and ventilation episodes in the Sydney Basin on concentrations of total PM 2.5 measurements from Lucas Heights. This work further extends previous studies, on ventilation recirculation and stagnation, by identifying the impact of the flow conditions on the concentrations of separate sources of PM 2.5 , information that can be used in the establishment of mitigation strategies. In addition measurements of atmospheric radon ( 222 Rn) concentrations were also available at this site. Radon is an unreactive, naturally occurring, radioactive gas commonly used as a tracer of recent (2-3 weeks) terrestrial influence on an air mass (e.g., Balkanski et al., 1992) . In this study we use the Allwine and Whiteman (1994) technique to classify the atmospheric flow conditions and then we use radon concentrations to independently assess the categorisation of flow conditions between stagnation, recirculation and ventilation events (e.g., Chambers et al., 2015) .
STUDY SITE AND METHODS

Site and Study Domain
Fine particle, meteorological, and atmospheric radon monitoring for this study was conducted at the Lucas Heights campus of the Australian Nuclear Science and Technology Organisation (ANSTO). Lucas Heights (34°03'S, 150°59'E) is located 30 km southwest of the Sydney central business district, 18 km from the coast (Fig. 1) . Situated near the southern end of the Sydney Basin, land use in the vicinity is a mixture of suburban and natural vegetation (Chambers et al., 2011) . Topography of the Lucas Heights region is complex, with 150 m changes in elevation within a 1 km radius of the site, primarily associated with a river valley east of the site. The measurement location is on top of a broad ridge, with significant slopes to the north and south, resulting in drainage flows that reduce the local nocturnal accumulation of pollution or radon.
Wind speed and direction are monitored every 15 minutes at 10 m above ground level with results aggregated to hourly values in post-processing.
A pronounced seasonality in wind direction exists at this site (e.g., Chambers et al., 2011;  Supplementary Fig. S1 ). In the warmer half of the year (Oct-Mar), wind directions typically have a strong easterly component (predominantly oceanic fetch). Average directions tend to switch from south easterly at night to easterly during the day, due to the influence of sea breezes. During the cooler months (AprSep) the wind direction is typically south westerly.
Annual emission of major anthropogenic sources in the Greater Sydney, Newcastle and Wollongong region are available from the New South Wales Environment Protection Agency (NSW EPA 2017a). Total emission of PM 2.5 is 30,499 tonnes year -1 , of which 43%, 21%, 21% and 10% is , of which 60%, 30% and 8% is from industry, on-road mobile and off-road mobile sources. Total emission of SO 2 is 301,863 tonnes year -1 , 98% of which is from Industry. Coal combustion is the main source for electricity generation in the state of New South Wales (contributing to 70% of the electricity; LAEG, 2016). It has been shown (Cohen et al., 2012) that in the Sydney region, coal fired power stations can contribute to about 34-47% of the secondary sulfate fine aerosols. In the Greater Sydney region a large proportion of the power is supplied by eight coal fired power stations outlined in Fig. 1 and further considered in section 3.4.
Wood heaters are used in the region for domestic heating which can contribute to PM 2.5 in winter (NSW EPA, 2017b) and bush fires are contributors to PM 2.5 in summer (Rea et al., 2016, and references therein) . The population density in the vicinity of the site with the major roads is presented in supplementary Fig. S2 . Major populations are located to the north of the site (i.e., potential sources of smoke) with less population regions and natural vegetation/woodland in the south. Previous studies have found that smoke from domestic heating in winter can account for 40% of PM 2.5 at Liverpool (Cohen et al., 2011) and 37% of the total PM 2.5 at Richmond (Cohen et al., 2012) .
Aerosol Sampling and Elemental Analysis
PM 2.5 has been sampled at Lucas Heights since 1998 using an IMPROVE PM 2.5 cyclone system. This system employs a 25 mm diameter Teflon filter and typically samples at a flow rate of 22 L min -1 (Cohen et al., 1996) . Twenty-fourhour (midnight-to-midnight) continuous PM 2.5 samples are collected twice a week (Wednesday and Sunday). After sample collection, accelerator-based ion beam analysis (IBA) is used to determine the elemental composition of the PM 2.5 samples. Source type fingerprints were determined using PMF (Paatero and Tapper, 1994) , which solves the standard bi-linear factor analysis model. In summary, the standard (bi-linear) factor analysis problem is specified as (Paatero, 2010) :
where X is a matrix of measured elements, G and F are factor matrices to be determined, and E is a matrix of residuals. If n observations are available of m elements and assuming p contributing sources, X is an n by m matrix, i.e., x i,j represents the concentration of element j in the i th sample, G is an n by p matrix of source contributions for each sample, F is a p by m matrix of source fingerprints. The optimisation process minimises the function, Q, while the resolved factor elements, of F and G, remain non-negative:
where s i,,j is a specified error of the form:
where MDL i,j is the minimum detectable limit, Error i,j is the statistical error, and y i,j is the fitted value i.e., Y = GF. Using this data set, source type fingerprints were determined previously (Crawford, 2016c) . In particular, 836 data samples were available for this study, from which the IBA determined the concentration of 23 elements, following which using the PMF analysis, 7 source types were identified. The identified source fingerprints were vehicle exhaust (Autos; 26.3%), secondary sulfate (2ndryS; 23.7%), old sea air mixed with industrial sources (IndSaged; 20.6%), smoke from domestic heating or bush fires (Smoke; 13.7%), fresh sea salt (Sea; 10.9%), soil dust (Soil; 3.7%) and other industrial releases (1.1%). The fingerprinting method and composition of each source fingerprint is detailed in (Crawford, 2016c) .
Stagnation, Recirculation and Ventilation Classification
The technique for classifying atmospheric flow conditions into stagnation, recirculation or ventilation episodes was developed by Allwine and Whiteman (1994) . It involves the calculation of a wind run (S), which gives the total distance that a parcel has travelled over a given transport time, irrespective of direction; and a recirculation factor (R) which gives an indication of recirculation over the same transport time (Mohan and Bhati, 2012) .
Given a time series of N measurements of wind speed (Ui) and wind direction (Di) the data can be transformed into horizontal wind vectors as (Allwine and Whiteman, 1994) :
where i = 1, 2, …, N. For a sample averaging interval (T) and transport time (τ), we can define the net east-west and north-south transport distances as:
where i = 1, 2, …, N-p, p = τ/T -1. The wind run, or total distance travelled, is calculated as:
The resultant, straight line transport distance (which represents the net distance a parcel will travel over the transport time, τ), is calculated as:
The recirculation factor is then calculated as:
From the above equations we can calculate a mean daily wind run (S) and recirculation factor (R). The variability of S and L is determined by local and large-scale factors (Surkova, 2013) . If large-scale atmospheric flow dominates L is more likely to be large and therefore R small. The recirculation factor varies according to 0 ≤ R ≤ 1. When R = 0, no recirculation has occurred. When R = 1 there has been a complete recirculation and the parcel has arrived back at the origin.
The wind run, S, is used as a measure of stagnation, e.g., S = 0 equates to total stagnation. Ventilation conditions are characterised by low values of R and high values of S. To help determine atmospheric flow conditions based on calculated values of S and R, Allwine and Whiteman (1994) introduced the concept of predetermined critical transport indices (CTIs). Given predefined CTIs atmospheric flow classification can be made according to:
S ≥ S cv and R ≤ R cv -site is prone to ventilation (10) where S c and R c are the average daily CTIs for stagnation and recirculation, respectively; and S cv and R cv are the average daily CTIs for ventilation. When τ = 24 h, Allwine and Whiteman (1994) proposed daily CTIs of S c = 170 km, R c = 0.4, S cv = 250 km and R cv = 0.2. These same values have also been used in other studies (e.g., Kim et al., 2007; Nankar et al., 2009; Mohan and Bhati, 2012; Al-Khadouri et al., 2015; Russo et al., 2016) and have also been adopted in this study. However, it should be noted that these measures are only an approximation, and will only be exact measures if the wind field at the measurement site is uniform over the region (Levy et al., 2008) . It should also be noted that equation 7 has a possible singularity (i.e., when S i = 0), however in such cases L i is also 0, and in the mathematical limit R i has a value of zero (Allwine and Whiteman, 1994) . In addition not all events can be classified in one of the categories.
Further, based on Eqs. (8)- (10), we found that a number of periods were classified as both stagnation and recirculation. To address this ambiguity we introduced an additional category; local recirculation (LRC), used to refer to the instances of overlapping classification, and then we renamed the remaining cases of recirculation as regional recirculation (RRC):
S ≤ S c and R ≥ R c -site is prone to LRC (11) S > S c and R ≥ R c -site is prone to RRC (12)
Back Trajectory Analysis and Mean Sea Level Pressure Maps
While for the classification in the previous section uniform conditions are considered, back trajectories take into consideration variable wind speed and direction. However, how well the back trajectories reproduce local scale air motion is dependent on the resolution of the meteoroidal data used in their calculations. Back trajectories in the current study were generated, at a starting height of 300 m above ground level, using HYSPLIT v4.0 (HYbrid SingleParticle Lagrangian Integrated Trajectory; Draxler and Rolph, 2003) . The choice of the starting height was to limit the impact of local topography and to be within the boundary layer for a large proportion of the time (as it is known that the 10 th -90 th percentiles of the mixing layer depth are 900-3000 m; Chambers et al., 2015) . The meteorological data used with the model was of 12 km horizontal resolution. This data was generated using the Weather Research and Forecasting (WRF) model version 3.5.1 with the ARW dynamical core (Skamarock et al., 2004; Skamarock and Klemp, 2008) . The details of the model set up and simulations were given in the supplementary material to Crawford et al. (2016b) . The domain of the WRF simulation was between longitudes 145.291° and 158.709°, and latitude -38.2885° and -27.5621° and the simulations were generated for all time from January 2007 to December 2009, with a temporal resolution of one hour. The back trajectories in this study are mainly used for the generation of density maps, to indicate the extent of reginal coverage by air masses for each of the flow classifications. At this resolution, sea breezes are expected to not be captured to their full extent, as previous numerical studies of sea breezes have used horizontal resolutions of 3 km (Comin and Acevedo, 2017 ) and 1 km (Arrillaga et al., 2016) .
When back trajectories are presented in this work one back trajectory was determined for each hour of the day and the back trajectories were tracked for five days. Back trajectory density maps were generated, for which the horizontal position of the back trajectory (or trajectory node) was determined every 10 min (using HYSPLIT; where the velocity vectors, from the meteorological data files, are interpolated linearly both in time and space). The region was sub-dividend into grid cells of 0.1° by 0.1° dimension, and if a back trajectory node landed in the grid cell, a grid cell counter was incremented. As a different numbers of sampling days were classified in each of the four flow conditions, for comparison purposes, each grid cell value was normalised by dividing by the number of back trajectories in the group.
The time (in hours) spent by an air mass over land before arriving at the measurement site are reported in section 3.3. This was calculated by following a back trajectory from Lucas heights until it crossed the coast. This calculated time also includes those cases where the back trajectory reached the end of the domain used in the WRF simulation. Thus the reported times can be interpreted as the times spent over land in the domain of the simulation.
In this study the impact of power stations on the secondary sulfate source fingerprint was analysed under recirculation flow conditions (as in Cohen et al., 2012) . To identify whether an air mass had passed over a power station before arriving at Lucas Heights the method of Cohen et al. (2012) was used. Power stations were represented by rectangles and if a back trajectory passed over the rectangle before arriving at the measurement site, it was considered that power station contributed to fine particle measurements at Lucas Heights. The power station "rectangles" were each 0.2° by 0.2° centred at the power station locations (Fig. 1) .
Composite MSLP maps were calculated using sea level pressure from the NCEP/NCAR Reanalysis (which is provided on 2.5 × 2.5 grid cell size and the data are available at 6 h time intervals; Kalnay et al., 1996) .
Atmospheric Radon Measurements
Radon-222 (radon) is a naturally occurring radioactive noble gas. Radon has a well-constrained terrestrial source (16-26 mBq m -2 s -1 ; Schery and Wasiolek, 1998; Goto et al., 2008) that exhibits little spatial and temporal variability over unsaturated, unfrozen surfaces. Radon has been used by a number of studies as a tracer of recent (2-3 weeks) terrestrial influence on an air mass for atmospheric mixing and transport studies (e.g., Balkanski et al., 1992; Zhang et al., 2008; Koffi et al., 2016) . Radon has been measured at Lucas Heights from 2006 onward. A description of the radon detector at Lucas Heights has been document in Chambers et al. (2011) . In this study we use radon, when available, to identify the degree of terrestrial influence on air masses. In the current analysis the 24-hour average radon measurements were used, corresponding to the PM 2.5 measurement window.
RESULTS AND DISCUSSION
Flow Characteristics under the Classifications
Classification of flow conditions into recirculation, stagnation and ventilation states for the hourly 2001 to 2009 dataset was carried out using a transport time (τ) of 24 h. To enable direct comparison with the 24-hour integrated PM 2.5 measurements, a daily average value of the flow conditions was calculated.
64% of all observations over the 9 years fell into one or other of our four flow categories: 15% (LRC), 19.5% (stagnation), 10.9% (RRC), and 18.6% (ventilation). LRC and stagnation events made up the largest proportion of classified data (34.5%), which has implications for the build-up of local sources. While only 64% of the data was classified, this value is compatible to that reported by Venegas and Masseo (1999) for five sites in Argentina. In their study, for sites closer to the coast, ventilation was more prevalent and stagnation for more inland sites. In the coastal regions of the Black Sea between 70 and 80% of the time could be classified into one of the flow categories (Surkova, 2013) .
Wind roses for periods associated with each of our four flow classifications are presented in Fig. 2. Corresponding average mean sea level pressure maps are presented in Fig. 3 . LRC and stagnation events are characterised by generally low wind speeds (at 10 meters above ground level; with an , Figs. 2(a) and 2(b)) with a good representation from all sectors. They are typically associated with a high pressure system to the south-east (Figs. 3(a) and  3(b) ). RRC events have a larger proportion of winds from the south to south-south-east than LRC or stagnation events, with generally larger wind speeds (2.9 m s -1 on average). RRC events are characterised by a trough over Australia, located between two high pressure systems. For ventilation events winds are more likely to be arriving from the west (characterised by the passage of a front from a westerly direction) or south-south-east (with average wind speeds of 3.2 m s -1 ). On a seasonal basis, RRC flow is most likely to occur in summer and spring (the warmer months of the year when sea breezes are more likely), whereas stagnation conditions are more likely to occur in autumn and winter (Table 1) . Ventilation, on the other hand has a good chance of occurring any time of the year, with a slightly lower occurrence in autumn. The largest number of LRC was recorded for autumn.
Radon and Total PM 2.5 Concentrations
The back trajectory density maps and the distributions of PM 2.5 concentrations under each flow condition are presented in Figs. 4 and 5(a), respectively. The highest concentrations of PM 2.5 occurred under LRC and RRC flow. If we use radon measurements as an indicator of the degree of recent contact with land, the LRC group contains the largest radon indicating that these air masses had the highest terrestrial influence (Fig. 5(b) ), as supported by Fig. 4(b) . It is interesting to note that mean radon is much higher under LRC than RRC; however PM 2.5 mean values are similar for both groups. When we look at the back trajectory density maps for LRC and RRC (Fig. 4) we see that more time has been spent (overland) closer to the site under LRC (i.e., as indicated by the more orange and green in Fig. 4 (b) compared to that in Fig. 4(c) ), supporting the higher radon concentrations. This result is most likely due to the uniform spatial distribution of the radon source term. However, the PM 2.5 sources are distributed non-uniformly across the region, and as will be shown in the next section different sources dominate under different flow classifications (and from Table 3, the sum of the averages from each source type happen to add up to similar values; 6.60 and 6.98 µg m -3 , under LRC and RRC conditions, respectively). The mean concentrations of PM 2.5 (specified in µg m -3 ) were 5.19 (overall), 5.25 (stagnation), 6.99 (LRC), 6.97 
Concentrations of Separate PM 2.5 Source Types
As documented previously (Crawford et al., 2016c) , total PM 2.5 and each of the sources exhibit seasonal variation; with higher concentration of 2ndryS, IndSaged and Sea measured in summer and higher concentration of Autos measured in winter. This is in part affected by the changes in the predominant fetch during the different seasons (section 2.1 and supplementary Fig. S1 ). In addition to presenting information when the whole year is considered, to reduce the impact of the seasonal variations on the analysis, here we also present results for the different source types, separated into winter and summer seasons.
The strength of the correlations between the flow classification parameters (R and S) and PM 2.5 concentrations vary for the different source types (Table 2) . Mohan and Bhati (2012) commented that the correlation between stagnation and recirculation was weaker when PM 10 was considered as opposed to NO 2 and SO 2 , due to the different life times and formation mechanisms of different components of PM. In their study this was particularly true for the wind run parameter. For total PM 2.5 , we obtain correlation values of 0.47 and -0.25 with the recirculation parameter (R) and wind run parameter (S), respectively, which compares well with the correlation coefficients of Mohan and Bhati (2012) of 0.54 and -0.23 with PM 10 . However, in this study, the correlation with wind run (S) improved significantly when Auto and Sea sources were considered, and the correlations with other sources were lower. The best correlation of the recirculation parameter was with Auto and 2ndryS. On annual basis, the correlations were lower than those obtained for NO 2 and SO 2 by Mohan and Bhati (2012) at Mumbai. However, in winter the correlation coefficients, 0.65 and 0.59, between the recirculation factor and total PM 2.5 and 2ndryS, respectively, were of similar magnitude to the correlation coefficients between NO 2 and the recirculation factor (of 0.62) reported by Mohan and Bhati (2012) . Further, in their study the correlation coefficient between PM 10 and the wind run and recirculation factor were -0.23 and 0.54, respectively, compared to -0.25 and 0.47 for PM 2.5 in our study.
Differences in the correlations were seen between the seasons. For example, the correlation between wind run (S) and Smoke changed from slight positive in summer to larger negative in winter indicating that in summer, higher winds are actually bringing smoke to the site (likely from bush fires; Rea et al., 2016, and references therein) . From supplementary Figs. S1 and S2, in summer higher wind Table 2 . Correlation results (r 2 values) between flow classification parameters (R and S) and the concentrations of Total PM 2.5 , and each of the identified source fingerprints. The correlation of entries marked with (*) were not significant at 99% confidence level (i.e., the p-value was greater than 0.01). Fig. 4 (a) major bush fire had occurred south-east of the site during the study period. Whereas in winter smoke is more likely from domestic wood heaters (NSW EPA, 2017b), however, the south-west sector (the sector with higher winter winds) has very low population density and as a result the emission of smoke, in winter, would be lower. In the case of soil dust the best correlations were seen with recirculation in summer.
The distributions of concentrations of each source type under each flow classification are presented in Fig. 6 and the corresponding average values presented in Table 3 . The difference in the medians was significant at 95% (pvale < 0.05) for all combinations of flow conditions other than; LRC and RRC in the case of Smoke, 2ndryS and Soil and between stagnation and RRC for Sea. When summer and winter alone were considered (plots supplied in the supplementary material; Figs. S3 and S4) similar behaviour was seen for all sources other than Smoke. The distributions of Smoke during summer and winter are presented in Fig. 7 ; the difference between summer and winter can be attributed to the contrasting sources; wood smoke from domestic heating in winter and bush fires in summer and also the differences in the spatial distributions of the source terms.
For Autos the highest concentrations occurred under LRC followed by stagnation. This behaviour followed closely the behaviour of radon (Fig. 5(b) ), indicating similar distribution to their source term. During LRC, the air masses have spent more time over land (16 hours on average) and a high proportion of this time has been over the populated Sydney region (Fig. 4(a) , where the density of roads is higher; supplementary Fig. S2 ). Under LRC the concentration from Auto can be up to a factor of 3.9 to that under ventilation. Under ventilation conditions (on average) the air masses have spent 3.8 hours over land before arriving at the measurement site, corresponding to less time to concentrate terrestrial sources. In addition from Fig. 4 and supplementary Fig. S2 , under ventilation the air masses have travelled over the less populated region to the south.
The highest mean concentrations of 2ndryS and total PM 2.5 occurred under LRC and RRC and the highest concentrations of IndSaged occurred during RRC. As seen from Fig. 4 , both under LRC and RRC air masses had spent considerable time over the populated Sydney region, bringing polluted air to Lucas Heights. Under ventilation conditions the air masses tend to arrive from the less polluted region to the south (Fig. 2(d) ) in addition to dilution due to higher wind speeds (average of 3.2 m s -1 , which is higher than the other classifications; Fig. 2(d) ).
These results show that recirculation is important at this site, and these events occur for 25.9% of the time (i.e., when both LRC and RRC are considered). However, if one is to target the three main source types of total PM 2.5 (Auto 26.3%, 2ndryS 23.7% and IndSaged 20.6%), then the conditions leading to the highest concentrations differ. The highest concentrations of Auto occur during LRC, the highest concentrations of IndSaged occurred under RRC conditions and 2ndryS had similar high concentrations under LRC and RRC. While in section 3.2, it appeared that similar PM 2.5 median concentrations occurred under LRC and RRC, analysing by source types gives the decision makes more information on which source term is more important under different conditions. Elevated pollution has been reported when polluted air masses had been swept out to sea via land breezes, followed by photochemical activity over the sea and then returned to the measurement site during the ensuing sea breezes, additionally picking up more pollution overland (e.g., Cass and Shair, 1984; Alper-Siman Tov et al., 1997; Levy et al., 2009) . Concentrations of IndSaged are expected to be higher when the air mass has had higher sea influence as this source type contains sea air that has undergone reactions, accounting for the higher mean values of IndSaged during RRC conditions.
The lowest concentration of fresh sea salt was under LRC conditions, an increase was seen for stagnation, followed by RRC and finally ventilation. This corresponds well to the reduction in the number of hours that an air mass has spent over land before reaching the site, 16, 10, 12 and 5.8 hours for LRC, stagnation, RRC and ventilation, respectively (method of calculation described in section 2.4; and then calculated as an average of all samples classified into each flow type). This indicates that under ventilation, on average, the air masses have the most recent oceanic fetch.
The average Soil concentration for ventilation conditions in summer is very low due to the wind direction being dominated from the south-east over forested area and also more recent oceanic fetch. Robinsohn et al. (1992) reported that recirculation, during a weak synoptic flow, contributed 50% of the measured SO 2 concentration (associated with a power plant), and pointed out that during such synoptic situations a switch to fuel with low-level of sulfur would be beneficial. For the Sydney region it has been shown that at Richmond, located northwest of Lucas Heights, about 34-47% of the 2ndryS could be associated with air mass passage over one of the eight nearest power stations before arrival at the measurement site (Cohen et al., 2012) . From Table 3 we see that the highest (average) values of 2ndryS occur under LRC and RRC conditions. We have repeated the analysis of Cohen et al. (2012) , for those days classified in either LRC or RRC for 2007 to 2009 (as the WRF data was available for this period). In summary, for each day on which both PM 2.5 data was available and the day was classified in either LRC or RRC, 24 back trajectories were generated (one for each hour of the day) and it was tested if the back trajectories crossed over a 0.2° by 0.2° rectangle centred at a power station. Of the total of 75 days, a power station was crossed for 57 of these days. The mean 2ndryS concentration when a power station was crossed was 2.3 µg m -3 , whereas when no power station was crossed the mean concentration was 1.4 µg m -3 . Of the 13 days which had a 2ndryS concentration of one standard deviation above the mean (3.69 µg m -3 ), 11 occurred when a power station was crossed and 2 when no power station was crossed; indicating that power stations can have an effect on the 2ndryS concentrations at Lucas Heights during recirculation conditions.
Recirculation, 2ndryS and Power Stations
CONCLUSIONS
The classification method of Allwine and Whiteman (1994) was applied to conditions in the Sydney airshed, using data from Lucas Heights. Using this method as originally described resulted in a number of days being classified into both stagnation and recirculation, hence we introduced a new class; local recirculation (LRC) and referred to the remaining recirculation as regional recirculation (RRC). At this coastal airshed it was found that 64% of the time could be classified into one of; local recirculation (LRC; 15%), stagnation (19.5%), regional recirculation (RRC; 10.9%) and ventilation (18.6%). The fraction of time classified compares well with a study in Argentina (Venegas and Mazzeo, 1999) , however in the Argentina study the fraction of recirculation was lower. On a seasonal basis, RRC flow is most likely to occur in summer and spring (the warmer months of the year when sea breezes are more likely), whereas LRC and stagnation conditions are more likely to occur in autumn and winter.
In a study by (Mohan and Bhati, 2012 ) the correlation coefficient between PM 10 and the wind run and recirculation factor were -0.23 and 0.54, respectively, compared to -0.25 and 0.47 for PM 2.5 in our study. In this study, better correlations were seen when winter alone was considered. The highest concentrations of total PM 2.5 , vehicle exhaust, secondary sulfur and smoke were seen under LRC conditions. Stagnation conditions had the next highest concentrations of vehicle exhaust, whereas RRC conditions had the second highest secondary sulfate. However, if one is to target the three main source types of total PM 2.5 (Auto 26.3%, 2ndryS 23.7% and IndSaged 20.6%), then the conditions leading to the highest concentrations differ. The highest concentrations of Auto occur during LRC, the highest concentrations of IndSaged occurred under RRC conditions and 2ndryS had similar concentrations under LRC and RRC.
These results show that for coastal confined airsheds recirculation can increase the overall PM concentrations. However, to apply mitigation strategies the impact of the different PM sources is required. For example, at this site vehicle exhaust is important in winter and 2ndryS in summer, and switching to better quality vehicle fuel during LRC conditions in winter and lower sulfur content coal during recirculation conditions in summer would reduce the total PM 2.5 load to the region around the site. Consideration of the flow conditions for planned back burning would also be beneficial.
